A gene encoding a putative GTPase containing two tandemly repeated GTPbinding domains from a hyperthermophilic bacterium, Thermotoga maritima was cloned and expressed in Escherichia coli. The gene (TM1446) termed der is highly conserved in eubacteria including E. coli. The purified der product (Tm-Der) has GTPase activity but no ATPase activity. GTP, GDP, and dGTP but not GMP, ATP, CTP and UTP compete for GTP binding to Tm-Der. An optimal condition for the GTPase assay was determined to be at pH 7.5 in 400 mM KCl and 5 mM MgCl 2 at 70 °C, under which K m , V max and k cat values were determined to be 110 µM, 3.46 µM/min, and 0.87 min -1 , respectively. A der-deletion strain of E. coli was constructed by replacing the der gene (originally annotated yfgK) with a kanamycin-resistance gene. The deletion strain was found to form colonies only if the cells harbored a plasmid containing der indicating that der is essential for E. coli growth. 
Introduction
A number of GTPase proteins are known to play crucial roles for various cellular functions such as proliferation, protein translation, signal transduction, cell growth, and protein targeting (1, 2) . To regulate these cellular functions, GTPase proteins undergo three different conformational states. The binding of GTP to a GTPase protein (active state) induces the conformational change which leads to interaction with its effector molecule, then bound GTP is hydrolyzed to GDP (inactive state). The resultant GDP is then released from the guanine nucleotide-binding site (empty state) (1, 2) . The ratio of the active GTP-bound state to the inactive GDP-bound state of a GTPase protein is crucial to regulate the cellular events mentioned above. This ratio is governed by two classes of regulatory proteins : the guanine nucleotide release proteins (GNRPs), which help release of bound GDP, promoting its replacement by GTP, and the GTPase activating proteins (GAPs), which enhance GTP hydrolysis. All of the GTPases or GTPbinding proteins contain well-conserved motifs, G1, G3, and G4. These motifs are critical for GDP/GTP exchange, GTP-induced conformational change, and GTP hydrolysis (2) . G2 motif, the effector region that is highly conserved within each GTPase family, but not between different families is involved in the interaction with an effector molecule (1, 2, 3) . G2 motif is not involved in GTP-binding. recently determined. It consists of a Ras-like GTPase/GTP-binding conserved domain and a KH domain (8, 9) . The era gene is highly conserved in prokaryotic genomes, indicating its fundamental role in cellular function. The genomic analysis of eubacterial genomes so far determined shows another ubiquitous gene encoding an Era-like GTPase (10) . Peculiarly, however, the putative gene product contains two highly homologous Era-like GTP-binding domains connected by a short linker peptide (22 to 46 amino acids). After the tandemly repeated GTP-binding domains, the protein contains another domain of approximately 90 to 122 amino acid residues. This protein is termed Der for a protein with double-Era-like domains, and in the present paper, we purified and biochemically characterized Der from Thermotoga maritima, a hyperthermophilic bacterium. We also demonstrate that the der gene is essential for cell growth in E. coli from the analysis of a der-deletion strain.
by guest on September 1, 2017 http://www.jbc.org/ Downloaded from upstream of der was amplified by PCR with the following primers: #906029 and #906030 primers, and cloned into the SmaI site of pUC19. The 799-bp fragment encompassing the region downstream of der was also amplified in the same way with the following primers: #906031 and #906032. Then the 799-bp fragment digested with BamHI-HindIII was inserted into the BamHI-HindIII site of the plasmid harboring 794-bp upstream fragment. Then kanamycin gene fragment with BamHI cohesive ends (11) was cloned into the BamHI site of the plasmid harboring both the first (upstream, 794bp) and the second (downstream, 799bp) PCR fragment, yielding plasmid pUCDerK. This plasmid was linearized by HindIII enzyme digestion. The strain FS1576 (recD1009 thi-1 thr-1 leuB6 lacY1 tonA21supE44) (12) harboring a helper plasmid pIEEcttg was subjected to the linear DNA transformation (13) , the transformants resistant to ampicillin and kanamycin at 30ºC were isolated. The transformants resistant to ampicillin and kanamycin at 30ºC was tested for temperature sensitivity to 42ºC yielding FK76 strain (der-deletion strain). Primers #915013, 5'-GCATATGGTACCTGTGGTCGCGC-3' (an NdeI site is underlined) and #1302893, 5'-ATGAATTCTTATTTATTTTTCTTGATG-3'
(an EcoRI site is underlined) were used for PCR, then PCR product was digested with NdeI and EcoRI, and cloned into the NdeI-EcoRI site of pIN(lpp) p-5 IIICm yielding pINEcDer.
Microscopic observation of cells and nucleoids-Cells of a culture were fixed by adding 1.7% of formaldehyde. Cells of a culture were collected by centrifugation and washed with saline (0.8% sterilized NaCl solution). The washed cells were suspended with an appropriate volume of saline. 10 μl of the sample in saline was spread on a slide glass and dried at room temperature. The drops of methanol were applied onto a dried sample, by guest on September 1, 2017 http://www.jbc.org/ Downloaded from and sample was dried at room temperature. After a fixation with methanol, the slide was washed 10 times with tap water. After washing the slide was dried at room temperature, and 10 μl of poly-L-lysine (5 μg/ml of distilled water) was spread over the sample. The slide was dried again at room temperature. DAPI solution (4', 6'-diamino-2-phenylindole) (10 μl of 0.1 μg/ml saline) was applied to sample, and oil immersion method was used to observe the sample (14) .
Purification of TM-Der-pETTmDer was introduced into E. coli BL21(DE3)
ndk::Cm r strain (15) . This ndk disruption strain was used to prevent the contamination of GTPase from nucleoside diphosphate kinase in the T. maritima Der preparation. mM NaCl and 5 mM β-mercaptoethanol (β-ME) (Buffer A), and the resulting solution was then dialyzed twice against 2 liters of the same buffer (Buffer A). The dialyzed sample was loaded onto a Q-sepharose anion-exchange column (Pharmacia) (2.5 x 14 cm) which had been equilibrated with buffer A. Tm-Der was eluted with buffer A using a gradient of 0.025 to 1 M NaCl. Fractions containing Tm-Der were pooled and precipitated with ammonium sulfate at 80% saturation. The ammonium sulfate precipitate was then solublized in 10 ml of 10 mM potassium phosphate buffer (pH 7.0) containing 400 mM NaCl and 5 mM β-ME (Buffer B), and the solution was dialyzed twice against 2 liters of buffer B. The dialyzed sample was then loaded onto a hydroxyapatite column (Bio-Rad) (2.5 x 5 cm) which had been equilibrated with buffer B. Tm-Der was eluted with buffer B using a gradient of 10 to 500 mM potassium phosphate. Fractions containing Tm-Der were pooled and precipitated with ammonium sulfate at 80% saturation. The precipitate was solublized in 2 ml of 20 mM Tris-HCl (pH 7.5) containing 400 mM NaCl, 5 mM β-ME and 10% glycerol (Buffer C), and the solution was dialyzed twice against 1 liter of buffer C. The dialyzed sample was then loaded onto a Blue column (Pharmacia) (1.0 x 30 cm) which had been equilibrated with buffer C. Tm-Der was eluted with buffer C using a gradient of 0.05 to 3 M NaCl.
Fractions containing Tm-Der were pooled and precipitated with ammonium sulfate at 80% saturation. The precipitate was solublized in 2 ml of 20 mM Tris-HCl (pH 7.5) containing 400 mM NaCl, 5 mM β-ME, and 10% glycerol (Buffer C), and the solution was dialyzed twice against 1 liter of buffer C. The final yield was 5mg/L of the culture.
Circular Dichroism Studies-CD measurements were performed on an automated AVIV 60DS spectrophotometer maintained at 4 °C. The spectra were taken from 260 to 
Results

Der, an ubiquitous GTPase in eubacteria.
Genome analysis of a number of eubacterial species reveals that they, but not archaea and eukaryotic cells share a highly conserved putative GTPase having tandemly repeated GTP-binding domains at the N-terminal end as shown in Figure 1A for Bs (residue 337-436), and 10.50 for Tm (residue 343-439). Furthermore, the Cterminal short segments are highly basic regardless of the total lengths of the proteins; for example, 6 Lys and 3 Arg residues in the 14-residue sequence in Ec-Der, and 2 Lys and 2
Arg residues in the 6-residue sequence of the Tm-Der. The structural prediction of the Cterminal domains reveals that they consist mostly of α-helices. In contrast to the Cterminal domains, the linker sequences connecting between the N-terminal GTP-binding even between the N-terminal GTP-binding domains (GB-N) and the C-terminal GTPbinding domains (GB-C). However, there are significantly less sequence similarities between the Era G2 motif and the Der GB-N and GB-C domains. These facts suggest that both GB-N and GB-C may have the same effector function by interacting with the same effector molecule(s) in the cell, which is different from an effector molecule interacting with Era. As seen from Figure 1A , the G2 motif is highly conserved not only between E. coli and T. maritima but also among in all eubacteria species, indicating that a molecule interacting with the G2 motif sequence has been highly conserved through the evolution of eubacteria, and thus may be an essential house-keeping component shared by all eubacteria. 
Der is essential for E. coli
In order to elucidate if Der is essential for cell growth, the same genetic strategy was used as was previously used for Era (7) . A helper plasmid carrying the E. coli der gene was constructed. The der gene was cloned by PCR from the E. coli chromosomal DNA and inserted into plasmid pIE(ts), a derivative of pEL3 containing a temperaturesensitive origin and an ampicillin resistant gene (16) . This helper plasmid, pIEEcttg, was transformed into E. coli strain FS1576 (recD1009 thi-1 thr-1 leuB6 lacY1 tonA21 supE44) (12) . We also constructed a plasmid pUCDerK carrying a der-deletion mutation. In the der-deletion mutation, the entire der open-reading frame was replaced with a kanamycin-resistant gene, leaving the 794 bp 5'-upstream sequence (from base -789 to +5; A of the initiation codon, ATG is set as +1) and the 799 bp 3'-downstream sequence (from base +1461 to +2259), yielding plasmid pUCDerK. Subsequently, the strain FS1576 carrying plasmid pIEEcttg was subjected to linear DNA transformation using a linearized DNA fragment from pUCDerK digested by HindIII (13) .
A number of transformants on LB plates containing 50 μg/ml ampicillin and 35 μg/ml kanamycin were isolated at 30 ºC. Replacement of the chromosomal der gene with kanamycin was confirmed by PCR analysis (data not shown). All der-deletion strains (A total of 16 strains) thus isolated showed a temperature-sensitive phenotype on agar plate, as colony formation was not observed at 42 ºC (Figure 2A ). This indicates that Der is required for cell growth. In a liquid culture, the cell growth of FK76 strains continued for der gene is able to complement the E. coli der-deletion strain and der is required for cell growth.
Purification of Der from T. maritima
In order to further characterize Der, we cloned Tm der, and purified Tm-Der from E. coli. The Tm der gene was PCR-amplified, and cloned into a T7 expression vector. In order to avoid the contamination of GTPase activity from E. coli nucleoside diphosphate kinase, E. coli BL21(DE3) ndk::Cm r strain (15) was used as a host. Tm-Der was highly expressed in the presence of isopropyl-β-thiogalactopyranoside (IPTG) at a level of 40% of the total cellular protein (lane 2, Figure 3A ). The cell lysate was incubated at 70 ºC for 10 min to remove E. coli protein as much as possible and thus Tm-Der was recovered in the soluble protein fraction (lane3, Figure 3A ). Tm-Der was subsequently purified by column chromatography with Q-sepharose, Hydroxyapatite, and Blue column. The SDS-PAGE pattern of the final product is shown in lane 4, Figure 3A Using the purified Tm-Der, GTPase assay was carried out at 70 ºC with use of [α- 32 P]GTP using the conditions described in Experimental Procedures. The reaction was stopped by the addition of EDTA, and the reaction products were analyzed by thin layer chromatography (TLC). As shown in Figure 4A (lanes 1 to 8) GTP was almost completely converted to GDP after 60 min incubation. Under the same condition in the absence of Tm-Der the GTP to GDP conversion was not observed (see lane 11 and 12, Figure 4A ). From the phosphoimager analysis of TLC, the hydrolysis of GTP to GDP occurred linearly upto 10 min (data not shown). GTPase activity can also be assayed with use of [γ- Pi release was detected (data not shown), indicating that Tm-Der has no ATPase activity. Next, an enzymatic kinetic experiment was carried out using the GTP concentrations from 0.1 to 2 mM under the optimal condition described above. The Lineweaver-Burk plot thus obtained is shown in Figure 6 , from which K m and V max values were estimated to be 110 μM and 3.5 μM/min, respectively. Figure 6 ). GTP, GDP and dGTP were able to compete for binding to Tm-Der ( Figure 4B ). The same result was observed for the competition assay for the E. coli Der. Some inhibitory effects by dATP, dTTP, dCTP, UTP and CTP were also observed (data not shown).
der is exclusively conserved in all eubacterial genomes sequenced so far ( Figure   1 ), however, it is not known why it is not conserved in eukaryotic or archaea genomes. It has been suggested that for one of the eubacteria, Neisseria gonorrhoeae, an ortholog of Der, EngA (essential neisserial GTP-binding protein A) is essential for cell growth similar to E. coli der (17) . The blast search against Der protein sequences showed all the ortholog sequences from different eubacteria (data not shown). Der from Streptococcus mutans was assigned as D-3-phosphoglycerate dehydrogenase, SerA (18) . However, this gene is unlikely to be SerA because no significant amino acid sequence similarity between SerA and Der in E. coli and B. subtilis was observed and SerA has no GTPbinding motifs, G1, G3 and G4 motifs (18, 19) .
We showed that at non-permissive temperature, the der-deletion strain (FK76) stops growing after around 4 h temperature upshift ( Figure 2B ) and the antiobiotic independent temperature sensitivity (Figure 2A ) of the der::kan mutant strains bearing the temperature sensitive helper plasmid pIEEcttg proves that the presence of Der on helper plasmid is essentially required for cell viability (7).
As shown in Figure 2C , der-deletion strain cells became elongated under the non- 
B. Amino acid sequence alignments between the N-terminal (GB-N) and Cterminal (GB-C) GTP-binding domains of Der and Era.
The ClustalW program was used for the alignment analysis in Figure 1A , and black boxes, gray boxes and dashes are used with the same way as Figure 1A . Ec, Escherichia coli; Tm, Thermotoga maritima. The numbers are corresponding to amino acid residue numbers.
Figure. Overnight cultures of FS1576 and FK76 were diluted 20 times into fresh LB medium and LB mediumcontaining both 50 μg/ml ampicillin and 35 μg/ml kanamycin, respectively, and then grown at 30 ºC. After 3 h incubation at 30 ºC, the culture of FS1576 was diluted to into new LB medium and culture of FK76 was diluted into fresh LB medium containing 35 μg/ml kanamycin. Both diluted cultures were grown at 42 ºC and further diluted 4 times into indicated media at every two hours.
C. Cell morphology of FS1576 (a) and FK76 (b).
Cells after 3 h incubated at 42 ºC were fixed by adding 1.7% of formaldehyde. DAPI staining was carried out by the method described in Experimental Procedures. Arrow heads indicate the transparent vacuole-like structure. A. The GTP-hydrolysis activity Tm-Der.
The GTPase activity assay was carried out as described in Experimental Procedures. 
